ABSTRACT In this paper, a fuzzy logic controller is proposed to fulfill the objective of maximum power extraction based on a two-mass model. One of the crucial problems is that the effective wind speed cannot be measured directly due to the high disturbance of the wind speed and the high cost of sensors. Three algorithms are used to estimate the effective wind speed by solving power balance equations, and the estimated wind speed is used to determine the optimal speed reference for a generator control system. The control performance of the fuzzy logic controller is verified in the whole system and compared with a conventional PI controller. Simulation results are presented to illustrate the effectiveness and robustness against parameter variations of the proposed control design.
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I. INTRODUCTION
During the last decades, the demand of clean and renewable energy sources has been growing intensively due to environment issues. Among the renewable energy sources, such as wind turbines, Photovoltaic and fuel cells, are expected to provide a higher amount of world's energy. Owing to the rapid progress in wind turbine technology and its economic and safety properties, wind power is considered as one of the most promising cleaner and renewable sources among these renewable energy sources [1] - [3] . However, one of the most prominent problems of wind energy extraction is its low efficiency. Therefore, under the partial loaded operation condition, how to increase the power extraction becomes of high importance. A widely used control method is maximum power point tracking (MPPT) control [4] - [8] . To be specific, this control strategy aims to adjust the rotor speed according to the variations of wind speed, in order to maintain the tip speed ratio at its optimal value, which equivalently realizes MPPT. The principle obstacle of the MPPT control design is the unavailability of the wind speed. First, wind speed is a highly disturbed value which cannot be easily measured using simple and portable measuring device. Second, since the blade is a non-particle rigid body, the measured wind speed only represents a single point in the blade which is not applicative to other parts. Third, the implementation of physical sensors will increase system complexity, cost, space and reduce system reliability [9] . According to [10] , the sensors failure and the consequent control failures take up more than 40% of failures. As a result, many research endeavors have been focused on the wind speed estimation problem [11] such as power balance estimator method [12] , Kalman filter (KF)-based estimator [13] - [15] , disturbance accommodating control (DAC) [16] , unknown input observer (UIO) [17] and the immersion and invariance (I&I) estimator [18] . However, the above works have not considered the integration of the estimated value into feedback control design and the dynamic performance of the close-loop system is not analyzed. In this paper, three algorithms are used to estimate the effective wind speed by solving power balance equations. The estimated wind speed is used to determine the optimal speed reference for generator control system.
Several model based control approaches have been studied for the wind turbine system, such as linear-quadratic regulator (LQR), pole-placement and PID, which provides convenience to implement such controllers in practical applications [3] , [19] . However, considering the inherently exhibited nonlinear and non-minimum phase dynamics and the exposure to large cyclic disturbances, the widely used linear controllers are not able to perform optimally for the whole range of operating conditions. Recently, Boukhezzar et al. concluded that in wind turbine system, the nonlinear dynamic controller outperforms the LQG one and a good compromise has been achieved between power capture optimization and drive train loads reduction [20] . Sliding mode techniques have been widely used to control the wind turbine systems [21] , [22] . Especially, higher order sliding mode algorithms have better performance as compared to classical sliding mode controllers because their output is continuous and does not require any low pass filters [23] - [25] . However, such methods require accurate mathematical models of wind turbine system, which are difficult to obtain. Therefore, the lack of accurate models must be countered by robust control strategies capable of securing stability and performance despite model uncertainties [26] .
In this paper, fuzzy logic control method is adopted [5] . Fuzzy logic is a part of artificial intelligence which approximates the imprecise reasoning process in human mind and largely enhanced the expert system technology. Fuzzy logic control is based on the fuzzy if-then linguistic rules and has the inherent robustness to uncertainties [27] , [28] . Compared to classical control methods, fuzzy logic based controller can effectively avoid the requirement of precise model of the control system. The rest of this paper divided as follows: the dynamic model of the wind turbine system is described in Section II. In Section II, control objectives are presented. The proposed wind speed estimator is designed in Section II.
In Section II, the design of the proposed fuzzy logic based controller is described. Section II gives the simulation results including a comparison with a well-tuned PI controller. Finally, the major conclusions are presented in Section II.
II. WIND TURBINE MODELING
A basic wind turbine system consists of four major parts, i.e., wind turbine blades, gearbox and shaft, generator, and power converters. The wind energy is captured through turbine blades and converted into mechanical torque. The generator transforms the mechanical torque into electricity, which is conveyed into the grid after been adjusted by the power converters.
This paper focuses on the modeling of the mechanical and aerodynamic parts, which considers comprehensive dimensions, such as gearbox and shafts stiffness, viscous resistance, loading effect, losses, etc. To simplify the modeling and analysis, it is assumed that the gearbox, which serves as a transmission component, is stiff and the characteristics of wind turbine system will not change in a finite time. Besides, a two-mass model is adopted in this paper which is suitable for control design. Fig. 1 shows the structural model of such transmission system [20] . The rotator and low-speed shaft is modeled by a rotational moment of inertia J r , two viscous damper with damping constant B r and B ls respectively and a spring which represents shaft stiffness K ls . The generator and high-speed shaft is modeled by a rotational moment of inertia J g , and a viscous damper with damping constant B g . The gearbox is modeled by a gearbox ratio n g , which is supposed to be perfectly stiff. Fig. 1 is described by the following differential equations:
The mathematical model in
where the gearbox ratio is defined as
In view of (1) and (2) 
The aerodynamic power extracted from the wind is given by:
where C p (λ, β) is a nonlinear power coefficient which depends on the fixed blade pitch angle β and the tip speed ratio λ. It can be represented as follows: 
The power coefficient curve C p (λ, β) with respect to λ and β is shown in Fig. 2 . It shows that for a fixed pitch angle λ, there is a unique λ opt which can lead to a unique maximum value. The torque produced by the turbine can be calculated as
III. CONTROL OBJECTIVES
Below the rated wind speed, normally two kinds of control objectives can be proposed. First, in order to maximize power capture of Variable Speed Wind Turbine (VSWT), i.e., obtain the optimal power coefficient C p (λ, β), the blade pitch angle should be fixed at its optimal value firstly, and the rotor speed ω t should be adjusted according to wind speed, so as to keep the tip speed ratio at the optimal value λ opt . Thus, the rotor speed should be adjusted to tract the following optimal value:
where R is the rotor radius, and λ opt is set to 7.5 such that the maximum efficiency is achieved, as shown in Fig. 2 . Another control objective is to reduce the loads submitted by the drive train shaft which claims a low rate of change of reference input and control. Otherwise, the mechanical structure lags behind the control signal, which leads to a high risk as well as low efficiency.
The time responses of the electric system are much faster than other parts of the wind turbine, which makes it possible to dissociate the generator and the aeroturbine parts [20] . Normally, a cascade control structure is adopted, which consists of two loops. The inner control loop aims to regulate the generator current to its optimal value while the outer control loop aims to drive the rotor speed to its reference value as well as provide the reference current of the inner loop. Given that the control technique of inner loop has already been well established in [29] . Therefore, this paper will only focus on the outer loop design under the assumption that the generator current is well controlled.
IV. WIND SPEED ESTIMATION
To obtain the reference input to the outer loop, i.e., the optimal rotor speed, the effective wind speed is needed, which is difficult to measure directly. Thus in this paper the effective wind speed is estimated from the available variables, i.e. the rotor speed and turbine torque using three numerical algorithms.
The aerodynamic torque can be easily and comparatively precisely measured. It can be described as
where
Several algorithms are used to solve this function, including the simplified Newton algorithm, the fixed-point iteration method, the auto-search method and the Newton-Raphson algorithm. Newton-Raphson algorithm [20] is widely used and produces an acceptable output. The simplified Newton VOLUME 5, 2017 algorithm is a revised algorithm based on the former one, which simplifies the programming and reduce the operation time. The fixed-point iteration method reduces the number of iterations. The auto-search method employs a wrapped function in Matlab software and is very convenient. The numerical results are similar. Fig. 3 depicts the scheme of effective wind speed estimation. The hysteresis elements function is regarded as a filter in order to fulfill the second control objective. 
V. FUZZY LOGIC CONTROL
The block diagram of MPPT control system is shown in Fig. 4(a) . In the block diagram, the ω t opt and i q opt are the reference value of rotor speed and generator current respectively, while the ω t and i q are the measurement value derived from the wind turbine system. This is a two-loop control system: The inner loop aims to track the optimal generator current which reduces reactive power so as to regulate the power coefficient. Since many other works consider the electrical part control and the electrical adjustment speed is fast, it is reasonable to make the assumption that the inner loop is well-controlled [20] . The outer loop aims to track the optimal rotor speed reference given by ω t opt = λ opt Rv in order to maximize the power extracted from wind. In the equation,v is the estimate of wind speed. Considering the nonlinear nature of wind turbine system, the highly disturbed work condition as well as the inaccuracy of mathematical models, a controller based on fuzzy logic is proposed as follows:
and z-transformation is done by
The mechanism of the fuzzy controller is shown in Fig. 4(b) . The input variables of the fuzzy controller are the rotor speed's error e and the change of the errorė while the output u is in increment form. The integration of the increment is the reference input of the inner loop. The fuzzy controller consists of four parts: fuzzification, fuzzy rule base, inference engine and defuzzification [4] , [27] , [30] . The actual value of the error e, the change of the errorė and the output u are all fuzzily partitioned into fuzzy sets in which the linguistic terms ''NB'', ''NM'', ''NS'', ''ZO'', ''PS'', ''PM'', ''NB'' mean ''negative big'', ''negative medium'', ''negative small'', ''zero'', ''positive small'', ''positive medium'', ''positive big'', respectively. The ''NO'' and ''PO'' mean ''negative zero'' and ''positive zero'' respectively to improve control precision as the variables approach zero.
The universes of discourse of the error e, the change of the errorė and the output u are firstly determined by the range of predicted actual values. They are continuous and shown as follows:
These universes of discourse can be adjusted on the basis of the controller performance by the scaling factors as shown in Fig. 4(a) . Furthermore, considering the characteristics of wind turbine, triangular membership functions which are asymmetrical for giving more sensitivity as the variables approach zero are chosen. Particularly, the triangle membership functions of all the three signals have no overlap in order to simplify the controller. The membership functions should not be set to zero at the neighborhood of original to preclude output dead zone. The parameters of the membership function should be slightly adjusted in order to improve the controller's performance.
To fulfill the control objective that the measurement value ω t track the optimal reference rotor speed ω t opt , the following fifty-six fuzzy inference rules are adopted as illustrated in Table 1 . In this fuzzy logic controller, the inference method used is minimum and the defuzzication used is based on the center of gravity method.
Remark 1: In terms of the nonlinearity T em , we use nine fuzzy sets to construct the fuzzy logic controller. Definitely, one can choose more or less fuzzy sets to construct a fuzzy logic controller subject to computational complexity and accuracy. In future work, considering the complex of the nonlinearity even with perimetric uncertainties, neural network [31] or type-2 fuzzy sets [32] can be applied to reduce the complexity. Besides, one can also use super-twist algorithm based sliding mode control to improve the control performance.
VI. SIMULATION RESULTS
The proposed fuzzy logic controller developed using the two-mass mathematical model was finally assessed using a complete model, which includes both the aeroturbine part and the electrical part. In this section, simulation results compared with a well-tuned PI controller are presented to demonstrate the effectiveness of the proposed controller. Simulations were undertaken in MATLAB/SIMULINK environment. The parameters used in the simulation are given in the Appendix. The profile of the power coefficient C p was considered to be the same as (5), which has the optimal tip speed ratio λ opt equal to 7.5 at β = 0.
Wind speed with step changes is applied to the system. In all simulations, the initial rotor speed and low-speed shaft torque were considered as 3.2 rad/s and 25 N·m, respectively. The wind speed estimation results of the three numerical algorithms, i.e., the simplified Newton algorithm, the fixedpoint iteration method and the Newton-Raphson algorithm are similar and the Newton-Raphson algorithm is used in later analysis. Fig. 5 shows the wind speed estimates in both fuzzy control system and PI control system. As it can be noted, the estimation is good despite a constant steady-state error of about 0.45 m/s. The main reason lies in the ignorance of disturbance when solving the Eq. (9). but not exact. The steady-state error of fuzzy logic control is minor than the PI one. Besides, the dynamic property of fuzzy logic control outperforms the PI one. First, the adjustment time of fuzzy logic control and PI control is about 0.11 sec and 0.52 sec respectively. Second, the dynamic process of fuzzy logic control has no overshoot while the PI control has an overshoot of about 50%. Third, from the first two seconds one can see that during the starting time of operation the fuzzy controller can ensure a steady adjustment process. Thus the fuzzy logic controller achieves a better performance than the PI case, satisfying the first proposed control objective. The curves of turbine power captured are presented in Fig. 7 . As one can see, although their power captures are nearly the same during the steady state, the PI control has a fluctuation of nearly 290 W at 3.06 secs and 6 secs respectively. Besides, turbulence of power capture exists at every step change point. The result derived from the fuzzy logic control is relatively better than the PI one for a smoother dynamic process and a faster adjustment time. As a result, the average turbine power capture of fuzzy logic control is higher than the PI one. The main reason for this lies in the high adaptability of fuzzy controller to nonlinear system.
The tip speed ratio λ curves are presented in Fig. 8 . The optimal value of λ is 7.5. The fuzzy and PI control both fulfill the objective of maintaining λ at its optimal value in less than 2 secs. The steady-state error of fuzzy logic control is only 50% of the PI control. Besides, the adjustment time of the fuzzy control (0.12 sec) is only 25% of the PI one. It is noticeable that the fuzzy control result has no overshoot while the λ curve of PI control displays fluctuations in pulse form at every step change point of wind speed. The same observation can be made concerning the power coefficient C p which is presented in Fig. 9 . As is shown in Fig. 2 , the optimal value of C p is about 0.43. Although both control methods can maintain C p near the optimal value, the fuzzy control leads to a smaller variation of C p compared to the PI control, which means a higher power production.
The fulfillment of the second control objective, i.e. the reduction of load submitted by the shaft, can be appreciated in Fig. 10 , which depicts the low-speed shaft torque T ls curves of fuzzy and PI control. It is noticeable that during the dynamic state the curve of fuzzy control lays under the PI curve and has a smoother dynamic process. Besides, the robustness test is employed. The parameters rotor inertia J r and rotor radius R are simultaneously increased by 20%. The simulation results of PI and fuzzy logic control are shown in Fig. 11 . The tracking result of fuzzy control still has no overshoot and has a shorter adjustment time (0.1 sec) than the PI case (0.6 sec). And the PI control leads to an overshoot of about 41% in the tracking curve. As a result, fuzzy controller shows a better robustness feature than the PI controller.
VII. CONCLUSION
This paper has proposed a fuzzy logic controller for maximum wind power extraction based on a two-mass model. The value of wind speed has been estimated from the available variables, i.e. the generator speed and turbine torque using three numerical algorithms. The estimated value has been used for sensor-less control design based on fuzzy logic algorithm. The effectiveness and superiority of the proposed estimation and control approaches have been demonstrated by simulation results, as compared to PI controller with its gains well-tuned. His current research interests include switched hybrid systems, computational and intelligent systems, sliding mode control, optimal filtering, and flight control.
